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techniqueAbstract Damping improvement in composite structures via introducing nanoﬁllers generally has
remarkable negative effects on the other mechanical properties. Therefore, in the present work, SiC
and Al2O3 nanoparticles’ infusion effects on the ﬂexural, interfacial and vibration properties of
epoxy matrix and glass ﬁber reinforced epoxy (GFR/E) laminates were investigated. Unidirectional
(UD-GFR/E) and quasi-isotropic (QI-GFR/E) laminates with [0/±45/90]s and [90/±45/0]s stack-
ing sequences were hybridized by the optimum nanoparticles percentages. Results from off-axis
ﬂexural strengths of UD-GFR/E demonstrate good ﬁber/nanophased-matrix interfacial bonding.
The interlaminar shear stress between the adjacent layers with different orientations/strains of duc-
tile QI-GFR/SiC/E laminates results in decreasing the ﬂexural strengths respectively by 24.3% and
9.1% for [0/±45/90]s and [90/±45/0]s stacking sequences and increasing the dissipated interfacial
friction energy and thus the damping by 105.7% and 26.1%. The damping of QI-GFR/E,
QI-GFR/SiC/E and QI-GFR/Al2O3/E laminates with [90/±45/0]s stacking sequence was increased
by 111.4%, 29.7% and 32.9% respectively compared to [0/±45/90]s stacking sequence.
 2015 The Author. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recently, several studies related to the enhancement of the
mechanical properties of epoxy matrix by introducing SiC1–7and Al2O3
2,8–12 nanoparticles have been conducted. The
nanophased epoxy matrix cannot be used alone for
high-performance structural applications due to their limited
mechanical properties. For that purpose a limited number of
researchers have explored the SiC7 andAl2O3
8,11,12 nanoparticles
impacts on the mechanical properties of nano-hybrid ﬁber rein-
forced composites, which is one of the objectives of this study.
A key question is, to what extent the improvement in the damp-
ing properties of the nano-hybrid FRP composites can affect the
other mechanical properties? To the best of the author’s knowl-
edge, the answer to this question is not fully addressed yet in the
literature and accordingly, is the subject of this study.
Chisholm et al.7 studied the inﬂuence of infusion of 1.5 wt
% and 3 wt% of SiC nanoparticles into SC-15 epoxy on the
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nano-hybrid woven carbon ﬁber composite laminates. They
reported that with 3 wt% loading of SiC nanoparticles the
mechanical properties were degraded. They attributed this
result to the agglomerate, which reduced the cross-linking den-
sity and increase void content in the nanocomposite. The
enhancements in stiffness and strength of 1.5 wt% SiC-
nanocomposite were 45% and 16% respectively compared to
neat epoxy. For nano-hybrid woven carbon ﬁber composites,
the improvements in the stiffness and strength were 23.5%
and 11.6% respectively. The present work showed contrary
behavior for the stiffness of glass ﬁber reinforced epoxy (Y
1092-1) infused with 1.5 wt% SiC nanoparticles.
Rodgers et al.1,3 investigated the effect of incorporation
0.5 wt%, 1 wt% and 1.5 wt% of SiC into SC-15 epoxy on
the glass transition temperature (Tg) and ﬂexural properties
of the fabricated nanocomposites. Their results showed that
the optimum loading of the SiC was about 1 wt% at which
the best thermal and mechanical properties were observed.
Their results also showed that the glass transition temperature
(and thus chemical cross-linking density) of the modiﬁed epoxy
with 1.5 wt% of SiC nanoparticles was decreased by 8 C and
there is hardly any gain in ﬂexural strength. Faleh et al.6 attrib-
uted the decrease of cross-linking density to the fact that the
presence of nanoparticles in epoxy resin develops a strong
molecular interaction between them and epoxy molecules that
hinder the interaction between epoxy resin and hardener mole-
cules. This impedes the formation of the ﬁnal cross-linked
structure of the matrix during curing.
Uddin and Sun9 showed that introduction of 1.5wt%–3wt%
of Al2O3 into DGEBA epoxy resin incorporates brittleness into
the nanophased matrix (nanocomposite) and hence, the ﬂexural
strain at rupture was reduced by 6%–10% while, ﬂexural modu-
lus and strengthwere increased by 5%–9%. In that context, Zhao
and Li10 showed that inclusion of 1.5wt%Al2O3 nanoparticles in
DGEBA epoxy resin has an insigniﬁcant effect on the glass tran-
sition temperature and thus chemical cross-linking density. In
addition, rigid Al2O3 nanoparticles can act as physical cross-
links for the epoxy molecular chains in the nanocomposites and
accordingly, the fractured surfaces of Al2O3 nanocomposites
show brittle failure. Mohanty et al.11 reported a contrary behav-
ior to that reported byUddinandSun9 forBondtite PL-411epoxy
resin ﬁlled with 1wt%–5wt% Al2O3 nanoparticles. From the lit-
erature it has been shown that incorporation of different nanoﬁl-
ler types onto epoxy resin can play a key role in the ductility/
brittleness and thus the mechanical properties of nanocompos-
ites, which are combined in the present work with the damping
performance of the fabricated nanocomposites and nano-
hybrid GFRE laminates was investigated.
The interfacial bonding plays a signiﬁcant role in transfer-
ring the load from the epoxy matrix into higher strength/stiff-
ness nanoparticles and hence, increasing the mechanical
properties of the nanophased matrix. Several techniques can
be used to characterize the interfacial bonding that includes
microdebonding/microindentation technique3 and embedded
single ﬁber test. For bulk composites, there are off-axis ﬂexural
and tensile tests,13 off-axis fracture toughness test,8 short beam
shear test and the transverse Iosipescu shear tests. In the pre-
sent study, the interfacial bonding was characterized via off-
axis ﬂexural tests of unidirectional GFRE laminates.
One promising approach to modify a brittle epoxy matrix is
the incorporation of stiff nanoparticles like SiC, Al2O3, carbonnanotubes (CNT), which signiﬁcantly improve the fracture
toughness.8,13–15 Nanoparticle-related toughening mechanisms
like crack deﬂection and crack pinning at the nanoparticles,
nanoparticle pull-out, or nanoparticle-matrix debonding fol-
lowed by plastic deformation of the matrix were observed
depending on the nanoparticle type and morphology.14 These
mechanisms enable the material to absorb more energy and
accordingly, improve the damping properties. Improving the
damping performance of the structural composite materials
via introducing nanoﬁllers generally has remarkable negative
effects on the other mechanical properties. Therefore, any
modiﬁcations in the constituent materials of the structural
composites for optimizing their dynamic properties must be
based on tradeoff between damping, stiffness and strength.13,16
The objective of the present work is to investigate the effect
of nanoparticle types on the ﬂexural, interfacial and vibration
properties of nano-hybridized GFRE laminates. To achieve
this objective, a unidirectional and angle-ply GFRE laminates
were hybridized with optimum weight percentages of SiC and
Al2O3 nanoparticles. The interfacial bonding of the nano-
hybrid GFRE laminates was investigated via off-axis ﬂexural
tests in which the failure is a matrix-dominated property.
The effect of stacking sequences ([0/±45/90]s and [90/±45/0]
s) and the nanoparticle type on the ﬂexural properties
(strength, modulus and ultimate failure strain), and on the
dynamic properties (damping, frequency, storage modulus)
of the nano-hybrid GFRE laminates was investigated experi-
mentally. The correlation between the ﬂexural moduli deter-
mined by the static distractive test and the nondestructive
vibration technique was investigated.2. Experimental work
2.1. Materials
In the present work, twelve different composite materials with
different conﬁgurations were fabricated from PY 1092-1 epoxy
resin, Huntsman Advanced Materials Ltd. Details about the
conﬁgurations of the fabricated panels and their constituent
materials were illustrated in Table 1.
Eight of the fabricated materials were used to investigate
the nanoparticles’ effect on the mechanical properties of both
epoxy bulk composites and GFRE composite laminates with
different conﬁgurations. In parallel, four control panels were
also fabricated following similar routes without any nanopar-
ticle infusion. The used nanoparticles materials were 1.5 wt%
SiC and 1.5 wt% Al2O3. The selected weight percentages of
the nanoparticles (1.5 wt%) were based on the optimum values
that were determined earlier by Khashaba et al.2 In addition,
this weight percentage showed enhancements in the mechani-
cal properties of SiC/E and Al2O3/E nanophased epoxies by
some investigators.4,7–9 The properties of the used nanoparti-
cles are indicated in Table 2.
The epoxy resin was ﬁrst modiﬁed by 1.5wt% nanoparticles
(SiC or Al2O3) using 750 W Ultrasonic Processor, Cole–Par-
mer, Inc., USA. Sonication parameters play a critical role in
the dispersion of SiC and Al2O3 nanoparticles in epoxy resin.
These parameters include the sonication temperature, sonica-
tion power and amplitude, sonicator probe diameter and
immersing depth, sonication mode, sonication energy and con-
tainer dimensions and materials. The contribution of each
Table 1 Constituents of the investigated materials.
Material conﬁguration and abbreviated name Constituent material
1-Bulk neat epoxy (NE) Epoxy part A (Resin): Araldite PY 1092-1 (100 part by weight)
Epoxy part B (Hardener): HY 1092 (45 part by weight)
Viscosity of epoxy (A and B) is 0.3 Pa s at 25 C
Density (g/cm3) at 25 C: 1.15 for Part A and 1.0 for Part B
Produced by Huntsman advanced materials specialty chemicals (Egypt)
S.A.E
2-Bulk SiC/E Epoxy: PY 1092-1/HY 1092
SiC: 1.5 wt% (epoxy parts A + B)
Outer diameter = 20 nm
Purity >99.9wt%
SiC nanoparticles was manufactured by Timesnano, Chengdu Organic
Chemicals Co. Ltd, Chinese Academy of Sciences
3-Bulk Al2O3/E Epoxy: PY 1092-1/HY 1092
Al2O3: 1.5wt% (epoxy parts A + B)
Outer diameter = 15 nm
Purity >99.9wt%
Al2O3 nanoparticles was manufactured by Timesnano, Chengdu Organic
Chemicals Co. Ltd, Chinese Academy of Sciences
4-Unidirectional glass ﬁber reinforced epoxy (UD-GFR/E) with 0,
15, 50, and 45 oﬀ-axis angles
Epoxy: PY 1092-1/HY 1092
E-roving glass-ﬁber linear density = 1.2 g/m
Produced by Nippon Electric Glass Ltd., Japan
5-Unidirectional glass ﬁber reinforced SiC/epoxy (UD-GFR/SiC/E)
with 0, 15, 50, and 45 oﬀ-axis angles
Epoxy
E-roving glass-ﬁber linear density = 1.2 g/m
SiC: 1.5wt% (epoxy parts A + B)
6-Unidirectional glass ﬁber reinforced Al2O3/epoxy (UD-GFR/
Al2O3/E) with 0, 15, 50, and 45 oﬀ-axis angles
Epoxy: PY 1092-1/HY 1092
E-roving glass-ﬁber linear density = 1.2 g/m
Al2O3: 1.5wt% (epoxy parts A + B)
Quasi-isotropic glass ﬁber reinforced epoxy
7- [0/±45/90]s QI-GFR/E
8- [90/±45/0]s QI-GFR/E
Epoxy: PY 1092-1/HY 1092
E-roving glass-ﬁber linear density = 1.2 g/m
Quasi-isotropic glass ﬁber reinforced SiC/epoxy
9- [0/±45/90]s QI-GFR/SiC/E
10- [90/±45/0]s QI-GFR/SiC/E
Epoxy: PY 1092-1/HY 1092
E-roving glass-ﬁber linear density = 1.2 g/m
SiC: 1.5wt% (epoxy parts A + B)
Quasi-isotropic glass ﬁber reinforced Al2O3/epoxy
11- [0/±45/90]s QI-GFR/Al2O3/E
12- [90/±45/0]s QI-GFR/Al2O3/E
Epoxy: PY 1092-1/HY 1092
E-roving glass-ﬁber linear density = 1.2 g/m
Al2O3: 1.5wt% (epoxy parts A + B)
Table 2 Properties of the used nanoparticles.
Nanoparticles mNP
17 qNP (g/cm
3)17 wNP (%) VNP (%), Eq. (8) ENP (GPa)
17 rNP (MPa)
17 GNP (GPa)
SiC 0.19 3.210 1.5 0.521 476 310 17918
Al2O3 0.27 3.835 1.5 0.436 393 280 152
19
522 U.A. Khashabaparameter in the sonication processes was illustrated else-
where.20 Details about the values of these parameters and
the fabrication procedures of both the nano-based composite
materials and the control panels were described earlier by
Khashaba.8
The fabricated nanophased materials include: SiC/E
nanocomposite, Al2O3 nanocomposite, quasi-isotropic
GFR/SiC/E with [0/±45/90]s and [90/±45/0]s stacking
sequences, quasi-isotropic GFR/Al2O3/E with [0/±45/90]s and
[90/±45/0]s stacking sequences, unidirectional UD-GFR/SiC/
E laminates with 0, 15, 30 and 45 off-axis angles and unidi-rectional UD-GFR/Al2O3/E composite laminates with 0, 15,
30 and 45 off-axis angles. In parallel, the corresponding four
control panels without nanoparticles in their composition were
fabricated. Details about the fabrication procedures of the
nano-hybrid composite laminates were illustrated earlier by
Khashaba et al.8,13,20 The unidirectional laminates with differ-
ent off-axis angles were used to characterize the interfacial prop-
erties through the off-axis ﬂexural tests. The selected stacking
sequence of the quasi-isotropic laminates exhibits all the typical
failure modes (longitudinal, transverse, and shear), which are
often present in the automotive and aerospace structural
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procedure of nanocomposites and the nano-hybrid FRP com-
posites were described in the previous work.8,13,20
2.2. Flexural characterization
The ﬂexural properties of the fabricated materials were deter-
mined using three-point ﬂexural test. The interfacial bond
strength was characterized through the ﬂexural tests on the
unidirectional composite laminates with 15, 30, 45 and 90
off-axis angles. At least ﬁve specimens were prepared and
tested for each composite type, in accordance with ASTM
D790. Flexural moduli (Ef) of the fabricated materials were
determined from the slope of the initial portion of the
stress–strain curves, whereas the ﬂexural strains (ef) and
ﬂexural stresses (rf) were estimated using simple beam theory.
2.3. Free vibration tests
Free vibration decay technique was used to determine the
dynamic and elastic properties of the developed composite
materials. The details about this technique were illustrated else-
where8,20 and it is only outlined here. The test specimen with
rectangular cross-section ((20 ± 0.1) mm width and (4.3
± 0.1) mm thickness) was ﬁxed as a cantilever with different
lengths and excited by B&K impulse hammer model 2302-10
as shown in Fig. 1. The vibration response was measured using
B&K accelerometer model 4507 B1. The hammer and the
accelerometer were connected with B&K pulse analyzer model
3560c. The test parameters were: analyses range—500 Hz;
acquisition time—200 ms; frequency resolution—2 Hz; sam-
pling time—1 s and rectangular observation window. The free
vibration of specimen setup (cantilever beam) was modeled as
single degree-of-freedom and accordingly, the dynamic param-
eters were determined through the exponential decay response
of free vibration curves using Eqs. (1)–(4).8,20,21 These parame-
ters include logarithmic decrement (D), loss factor (tan d),
apparent damping ratio (f), and storage modulus (E0).
D ¼ ln d1
d2
 
¼ 1
n
ln
d1
dn
 
ð1Þ
tan d ¼ 1
np
ln
d1
dn
 
¼ D
p
ð2ÞFig. 1 Experimental setupf ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 2pD
 2q ¼
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 2
tan d
 2q ð3Þ
E0 ¼ 4p
2f2L3
3I
mt þ 33
140
mb
 
1
1 f2
 
ð4Þ
where d1 is the amplitude of the ﬁrst peak, dn the amplitude
after n cycles in the free vibration decay curve, mb the mass
of the cantilever specimen (kg), mt sum of the masses of the
accelerometer and its mounting (kg), L the beam length (m),
I the area moment of inertia (m4), and f the ﬁrst modal fre-
quency. The free vibration tests were repeated ten times for
each material type and the average values were used for inves-
tigating the different relationships.
During the free vibration damping tests, the parasitic
damping cannot be avoided due to the frictional interactions
between the specimen and the ﬁxture, the friction with the sur-
rounding air and the interactions between the driving device
and the specimen. Therefore, the following cares were taken
to minimize the parasitic damping8,22:
 Using free vibration technique with compatible B&K
devices to minimize the interactions between the driving
device and the specimen that can be observed between the
specimen and the magnet in forced vibration technique.
 All the test specimens were mounted in the ﬁxture through
four M6 bolts with constant tightening torque of 5.2 N∙m
using torque wrench. The resultant tightening force was
not too much to damage the specimens owing to the com-
pressive stress and it is enough to minimize the vibrational
energy that can be transferred into the ﬁxture.
 The free vibration tests were carried out in still air, to min-
imize the damping due to air friction.
3. Results and discussions
3.1. Flexural properties
3.1.1. Nanophased matrices
Fig. 2 shows the ﬂexural stress–strain relationship of neat
epoxy (NE), SiC/E and Al2O3 nanophased matrices. The
results in the ﬁgure showed that the stress–strain curves haveof free vibration tests.
Fig. 2 Stress–strain curves of neat epoxy, SiC/E and Al2O3/E
nanophased matrices in ﬂexural test.
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followed by a nonlinear relationship. The used nanoparticles
materials improve the strength and stiffness of the nanophased
matrices. The higher stiffness of the Al2O3/E nanophased-
matrix leads to reducing the strains at the ultimate and fracture
stress compared to neat epoxy and SiC/E nanophased-matrix.
Table 3 shows the ﬂexural properties (strength, modulus
and strain at ultimate load) and the gain/loss percentages of
SiC/E and Al2O3/E nanophased matrices (nanocomposites)
compared to the neat epoxy (NE). The results in this table
showed that the ﬂexural properties of SiC/E and Al2O3/E
nanophased matrices were respectively improved by 28.6%
and 26.4% for ﬂexural strengths and by 4.7% and 12.0% for
ﬂexural moduli compared to neat epoxy. The reason lies in
that the dispersed nanoparticles in epoxy act as physical
cross-links for the epoxy molecular chains.2,8,10 Therefore,
the applied stress was effectively transferred from the weak
matrix to the high strength/stiffness nanoparticles resulting
in enhancing the mechanical properties of the nanophased
matrices. Higher stiffness (modulus) and lower ultimate and
fracture failure strains of Al2O3/E compared to SiC/E demon-
strate higher chemical cross-linking density of cured of Al2O3/
E nanophased-matrix that makes them inherently brittle.9,23
On the other hand, lower stiffness and higher ultimate failure
strain (ductile behavior) of SiC/E nanophased matrix com-
pared to Al2O3/E nanophased matrix were attributed to the
relatively lower cross-linking density of former matrix.
Rodgers et al.3 reported that the glass transition tempera-
ture (direct relationship with cross-linking density) of
nanophased SC-15 epoxy with 1.5 wt% SiC nanoparticlesTable 3 Static and dynamic properties of SiC/E and Al2O3/E nan
epoxy (NE).
Static ﬂexural property
Material Strength Modulus Failure strain
MPa G/L (%) GPa G/L (%) % G/L (%
NE 60.33 2.118 4.16
SiC/E 77.56 28.6 2.218 4.7 4.31 3.5
Al2O3/E 76.27 26.4 2.372 12.0 4.01 3.5was decreased by 8 C compared to the neat epoxy. On the
other hand, Zhao and Li10 showed that inclusion of 1.5 wt%
Al2O3 nanoparticles in DGEBA epoxy resin has an insigniﬁ-
cant effect on the glass transition temperature (chemical
cross-linking density). In addition, rigid Al2O3 nanoparticles
can act as physical cross-links for the epoxy molecular chains
in the nanocomposites.10 A smooth fracture surface of Al2O3
nanocomposites was observed visually, which demonstrates
the brittle failure.
3.1.2. Off-axis flexural properties (interfacial bond strength)
Off-axis ﬂexural loading of a unidirectional composite
laminate creates longitudinal, transverse and shear stresses,
which can be predicted using several theories. In the present
work, the off-axis ﬂexural strengths (rh) of UD-GFR/E,
UD-GFR/SiC/E and UD-GFR/Al2O3/E laminates were
predicted using the Maximum Stress and Tsai-Hill theories
as follows24,25:
(i) Maximum stress theory
For the plane stress condition, the maximum stress criterion
for an orthotropic material can be expressed as:
rh ¼
rL
sin2 h
Longitudinal fracture
rT
sin2 h
Transverse fracture
sLT
sin h cos h Shear fracture
8><
>: ð5Þ
where rL and rT are the ultimate ﬂexural longitudinal and
transverse strengths respectively, and sLT is the ultimate in-
plane shear strength, which was calculated from the following
equation26:
sLT ¼ sm 1
ﬃﬃﬃﬃﬃ
Vf
p
 Vf
 
1 Gm
Gf
 	 

ð6Þ
Gm ¼ Em
2 1þ mmð Þ ð7Þ
where Vf is the ﬁber volume fraction (=35%), Gf the shear
modulus of the glass ﬁber (=28.841 GPa13), sm the shear
strength of the matrix, Em the Young’s modulus of the neat
epoxy, mm the Poisson’s ratio of the matrix and Gm the shear
modulus of the neat epoxy that was calculated from
Eq. (7).27 The elastic properties of NE, SiC/E and Al2O3/E
matrices are illustrated in Table 3 (Em) and Table 4 (Gm and
mm). The longitudinal and transverse properties of the
UD-composite laminates are presented in Table 5.
For the UD-GFR/SiC/E and UD-GFR/Al2O3/E laminates,
the shear strengths and shear moduli of SiC/E and Al2O3/E
nanophased-matrix respectively were used in Eq. (6) instated
of sm and Gm. The shear strengths of NE, SiC/E and Al2O3/ocomposites and gain/loss (G/L) percentages compared to Neat
Dynamic Property
Frequency Storage modulus Damping ratio
) Hz G/L (%) GPa G/L (%) % G/L (%)
35.62 2.247 2.157
32.00 10.2 2.185 2.8 2.312 7.2
38.43 7.9 2.989 33.0 2.201 2.1
Table 4 Estimated values of mm and Gm for NE, SiC/E and
Al2O3/E matrices.
Matrix mm, Eq. (8) Gm(GPa), Eq. (7)
NE 0.360 0.826
SiC/E 0.3591 0.917
Al2O3/E 0.3588 0.873
Table 5 Mechanical properties of unidirectional laminate.
Unidirectional laminate Mechanical property
rL
(MPa)
rT
(MPa)
sLT (MPa),
Eq. (6)
UD-GFR/E 488.8228 24.49913 21.601
UD-GFR/SiC/E 490.295* 28.154* 22.317
UD-GFR/Al2O3/E 494.922
8 27.915* 22.852
Note: * Determined experimentally in the present work. Fig. 3 Comparison between the experimental and predicted off-
axis ﬂexural strengths of UD-GFR/E, UD-GFR/SiC/E and UD-
GFR/Al2O3/E laminates.
Fig. 4 Gain/loss percentages of off-axis ﬂexural strengths of
UD-GFR/SiC/E and UD-GFR/Al2O3/E laminates.
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experimentally using Iosipescu shear test in accordance with
according to ASTM D5379. Details about test procedure
and specimen dimension were illustrated elsewhere.28,29 The
elastic properties of NE, SiC/E and Al2O3/E matrices are pre-
sented in Table 4.
Based on the isotropy assumption, the shear moduli of SiC/
E and Al2O3/E nanophased matrices were calculated from Eq.
(7)27 in which the Poisson’s ratios of nanophased matrices
(mmNP ) were calculated using rule of mixtures, Eq. (8),
29,30
and Young’s moduli were determined experimentally as shown
in Table 2. Note: the subscript NP denotes nanoparticles (SiC
or/and Al2O3).
mmNP ¼ mNPVNP þ mmð1 VNPÞ ð8Þ
where mNP is the Poisson’s ratios of nanoparticles, mm is the
Poisson’s ratios of epoxy matrix (=0.3628) and VNP is the vol-
ume fractions of the nanoparticles that were calculated from
the following equation31:
VNP ¼ wNP
wNP þ qNPqm
 
 qNPqm
 
wNP
ð9Þ
where wNP = 0.015 is the weight fraction of the nanoparticles,
qNP the density of the nanoparticles (SiC and Al2O3) and
qm = 1.103 g/cm
3 the density of epoxy matrix. The values of
mNP, qNP and VNP are illustrated in Table 2.
(ii) Tsai-Hill theory
The Tsai-Hill failure theory is primarily derived from the
von Mises distortional energy yield criterion for isotropic
materials, which was modiﬁed to predict the off-axis strength
of the anisotropic materials as follows32:
1
r2h
¼ cos
4 h
r2L
þ 1
s2LT
 1
r2T
 
cos2 h sin2 hþ sin
4 h
r2T
ð10Þ
Fig. 3 shows the experimental results of UD-GFR/E,
UD-GFR/SiC/E and UD-GFR/Al2O3/E composite laminates
with different off-axis angles and the predicted of-axis ﬂexural
strengths of UD-GFR/SiC/E laminates. The results in the ﬁg-
ure show that the Tsai-Hill theory gives a slightly better ﬁt tothe experimental results of UD-GFR/E than the Maximum
Stress theory. Whereas, Maximum Stress theory has good
agreement with the experimental results of the nano-hybrid
laminates specially at 30 and 45 off-axis angles. This result
was due to the fact that Maximum Stress theory provides an
interaction between different modes of failures that may be
arisen from using nanophased matrices in the hybrid
composites.
Fig. 4 shows the improvement percentages of the off-axis
ﬂexural strengths of nano-hybrid unidirectional composite
laminates compared to the control laminates. The experimental
results in this ﬁgure reveal that the ﬂexural strengths of both
UD-GFR/SiC/E and UD-GFR/Al2O3/E composite laminates
with off-axis angles ranging from 15 to 90 were signiﬁcantly
improved compared to the control laminates. This result
demonstrates the improvement in the interfacial bonding
between nanophased matrices and glass ﬁber, where the
failures in these laminates are controlled by the matrix
properties. The ﬂexural strengths of both UD-GFR/SiC/E
526 U.A. Khashabaand UD-GFR/Al2O3/E laminates (with 0 off-axis) have the
lowest improvement in ﬂexural strength compared to other
off-axis angles. This result was attributed to the fact that the
failure of the unidirectional ﬁber reinforced composites is a
ﬁber-dominated property.13,20,33
The bigger improvements of the off-axis ﬂexural strengths
of UD-GFR/SiC/E laminates compared to UD-GFR/Al2O3/
E laminates, Fig. 4, were justiﬁed by higher ﬂexural strength
of SiC/E nanophased-matrix compared to Al2O3/E
nanophased-matrix as shown in Table 3.
The gained ductility/brittleness owing to incorporating
different nanoparticles into GFRE laminates was discussed
based on the fact that the brittle materials are weak in tension
and ﬂexural, have high stiffness and lower ultimate
failure strain. Because the failure of off-axis composite lami-
nate is a matrix-dominated property, the following observa-
tions demonstrate the acquired ductility and brittleness ofFig. 5 Off-axis ﬂexural modulus and ultimate failure strain of
UD-GFR/E, UD-GFR/SiC/E and UD-GFR/Al2O3/E laminates.
Fig. 6 Gain/loss percentages of the off-axis ﬂexural moduli and ul
compared to UD-GFR/E laminates.the development of GFRE composites with SiC and Al2O3
nanoparticles respectively.
The off-axis ﬂexural strengths and ultimate failure strains
of UD-GFR/Al2O3/E were lower than those of UD-GFR/
SiC/E composites as shown in Figs. 4 and 5 respectively. This
result was due to increasing the cross-linking density and thus
the brittleness of the Al2O3/E matrix. On the other hand, infu-
sion of SiC leads to decreasing the cross-linking density6 that
can be interpreted by their lower off-axis moduli and higher
ultimate failure strains (ductile behavior) compared to UD-
GFR/E and UD-GFR/Al2O3/E composites as shown in Fig. 6.
Fig. 7 shows SEM examination of fractured surface for
ruptured GFR nanophased-epoxy composite laminates.
Fig. 7(a) shows clean ﬁber surface of the fractured SiC com-
posite. This is a direct indication for the poor interfacial bond-
ing between glass ﬁbers and the nanophased matrix. On the
other hand, ﬁbers with strongly adhered nanophased epoxy
can be evidently observed in Fig. 7(b) for Al2O3 composite.
The strongly adhered nanophased epoxy roughens the ﬁber
surface and acts as mechanical interlocking that can improve
the mechanical properties of the fabricated laminates as dis-
cussed later.
The amazing scanning electron microscope image of Fig. 7
(a) shows large plastic deformation in the SiC/E matrix at the
ﬁbers boundary in ﬂexural test. This result interprets
higher off-axis ultimate failure strains and lower moduli of
UD-GFR/SiC/E compared to the UD-GFR/Al2O3/E
laminates as shown in Fig. 6.
3.1.3. Flexural properties of quasi-isotropic laminates with
different stacking sequences
Fig. 8 shows stress–strain curves of both the control and nano-
hybrid quasi-isotropic laminates with different stacking
sequences. Deviation from linearity was observed at about
35% of the ultimate stress of quasi-isotropic laminates with
[90/±45/0]s stacking sequence owing to failure of 90 surface
layers of the specimen. The specimen stiffness was decreased
and the load redistributed between the ±45 layers resultingtimate failure strains of UD-GFR/SiC/E and UD-GFR/Al2O3/E
Fig. 7 SEM of hybridized laminates.
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to the ultimate failure (at strain of about 6.5%) and then grad-
ually decreasing up to the fracture of the unidirectional central
layers that have minimum (or zero) stress.
The stress–strain curves of the [0/±45/90]s conﬁgurations
showed almost linear relationship up to 75% of the ultimate
stress, and then followed by a non-linear behavior up to the
ultimate stress. Failures of quasi-isotropic laminates with [0/
±45/90]s stacking sequences were characterized by catas-
trophic fracture owing to failure of the unidirectional (0) sur-
face layers on tension side of QI-GFR/SiC/E laminates and on
compression side of QI-GFR/Al2O3/E laminates as shown in
the visual examination image of Fig. 9.
Although the off-axis ﬂexural strength (interfacial bonding)
of UD-GFR/SiC/E showed higher improvement compared to
the UD-GFR/E and UD-GFR/Al2O3/E, Fig. 4, the ﬂexural
strength of the QI-GFR/SiC/E composites showed reduction
compared to the other laminates as shown in Fig. 10. This
result was due to the fact that the ductility of the nanophased
SiC/E matrix contrast plays a key role in the off-axis and
quasi-isotropic ﬂexural strengths of nano-hybrid compositeFig. 8 Stress–strain curves of control and nano-hybrid quasi-
isotropic laminates with different stacking sequences.laminates. Because the failure of off-axis laminates is a matrix
dominated, their ﬂexural strengths were improved with
increasing matrix ductility. On the other hand, the ductility
of SiC/E nanophased-matrix results in increasing the ultimate
failure strains, Fig. 11, and reduction the stiffness (moduli),
Fig. 12, of QI-GFR/SiC/E laminates with [0/±45/90]s and
[90/±45/0]s stacking sequences. Therefore, the interlaminar
shear stress between the adjacent layers with different orienta-
tions/strains was maximized as shown by the visual image of
Fig. 9. The interlaminar shear stress between the adjacent
layers with different orientations/strains reduces the specimen
integrity and results in catastrophic fracture of the tension
side and accordingly, the ﬂexural strengths of [0/±45/90]s
and [90/±45/0]s stacking sequences reduced by 24.3% and
9.1% respectively compared to control laminate and byFig. 9 Photographs of fractured surface of UD-GFR/SiC/E and
UD-GFR/Al2O3/E laminates.
Fig. 11 Ultimate failure strains of nano-hybrid QI-laminates
with different stacking sequences and gain/loss percentages
compared to control laminate.
Fig. 10 Flexural strengths of nano-hybrid QI-laminates with
different stacking sequences and improvement percentages com-
pared to control laminate.
Fig. 12 Flexural moduli of nano-hybrid QI-laminates with
different stacking sequences and improvement percentages com-
pared to control laminate.
528 U.A. Khashaba31.4% and 11.5% compared to QI-GFR/Al2O3/E as shown in
Fig. 10.
On the other hand, the stress–strain curves of QI-GFR/E
and QI-GFR/Al2O3/E laminates showed stepped progressive
catastrophic failures. This behavior was attributed to the fail-
ure of 0 surface layers of compression side. The stress–strain
curves were further slightly increased due to redistribution of
the load in ±45 layers and 0 surface layers in tension side
up to another sudden failure owing to the failure of ±45
layers. Redistribution of the load between the 0 surface ten-
sion layers results in further slightly increases in the load up
to the complete fracture of the specimen. Therefore, it can be
concluded that the ultimate failure of quasi-isotropic laminates
was controlled by ±45 layers for [90/±45/0]s stacking
sequence and by 0 surface layers of QI-GFR/SiC/E and QI-
GFR/Al2O3/E laminates with [0/±45/90]s stacking sequences.
The complete fracture of quasi-isotropic laminates was due to
the failure of ±45 layers in both stacking sequences at strains
of about 6.5% except QI-GFR/SiC/E with [0/±45/90]sstacking sequence, which has complete sudden fracture due
to the interlaminar shear failure between the adjacent layers
accompanied with complete fracture of the 0 layers on the
tension side.
The ultimate failure strains of both the hybridized and the
control GFRE laminates with [90/±45/0]s stacking sequence
were about two times higher than that of [0/±45/90]s stacking
sequence as shown in Fig. 11. On the other hand, the ﬂexural
strengths and moduli of both the hybridized and the control
laminates with [0/±45/90]s stacking sequence were more than
two times higher than that of the [90/±45/0]s stacking
sequence as shown in Figs. 10 and 12 respectively. The reason
lies in that the ﬂexural properties of [0/±45/90]s stacking
sequences were controlled by the higher strength/stiffness of
the unidirectional (0) surfaces layers, compared to the 90
surfaces layers of the [90/±45/0]s stacking sequence. The
reduction of the ultimate failure strains of QI-GFR/Al2O3/E
laminates with [90/±45/0]s stacking sequence (24.3%) com-
pared to QI-GFR/SiC/E laminates agrees with the off-axis
ultimate failure strains in Fig. 6.
3.2. Dynamic mechanical properties
3.2.1. Nanophased-matrix
Table 3 shows the experimental values of the natural frequen-
cies, damping ratios and storage moduli of neat epoxy, SiC/E
and Al2O3/E nanophased-matrices and their improvement
percentages compared to neat epoxy. The results in this table
show that the frequencies were qualitatively in an agreement
with the stiffness (storage moduli) of different matrices.
It has been reported by several investigators8,20,34–36 that the
‘‘stick–slip” mechanism is responsible for the energy dissipation
capability and therefore, controlling the dynamic properties of
nanophased-matrix. Based on this concept, decreasing the
cross-linking density of SiC/E nanophased-matrix leads to
decreasing the storage modulus (stiffness) and natural frequency
by 2.8% and 10.2% respectively as shown in Table 3. Under
such circumstances, the SiC/E nanophased-matrix exhibits
higher deﬂection (strain) and accordingly, higher interfacial fric-
tional and energy dissipation compared to the Al2O3/E
Fig. 13 Variation of natural frequencies vs. beam lengths of QI-
laminates with [0/±45/90]s stacking sequences.
Fig. 15 Effect of beam free length on storage moduli of QI-
laminates with [0/±45/90]s stacking sequence.
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the damping ratio of SiC/E nanophased-matrix was improved
by 7.2% compared to neat epoxy and by 5.0% compared to
Al2O3/E nanophased-matrix, which has the highest stiffness
(storage modulus) and natural frequency as shown in Table 3.
3.2.2. Effect of beam free length
Fig. 13 shows the variation of natural frequencies versus beam
free length of quasi-isotropic laminates with [0/±45/90]s stack-
ing sequence. The results in this ﬁgure show that the natural
frequency was increased with decreasing the beam free length
as a result of increasing beam ﬂexural stiffness (E0I/L). Similar
observations were reported by some researchers for different
composite materials8,13,35,36. This behavior is clearly illustrated
by the higher number of cycles per second (frequency) of free
vibration curve of QI-GFR/SiC/E with short beam free length
of 100 mm, Fig. 14(a), compared to the long beam free length
of 200 mm, Fig. 14(b). Fig. 14 also shows that although the
decay response of free vibration curves of the specimen with
higher stiffness (L= 100 mm) was more pronounced com-
pared to the long one (L= 200 mm), the change in the damp-
ing ratio was insigniﬁcant.
The storage moduli of quasi-isotropic laminates with
[0/±45/90]s stacking sequence as a function of beam free
length were illustrated in Fig. 15. It is obvious that the beamFig. 14 Free vibration response cufree length had a negligible effect on the storage moduli of
both the hybridized and the control laminates, because the
storage modulus is a materials’ property that should be con-
stant, even if it has been determined using different methods.13
Therefore, the storage moduli of the fabricated panels (with
and without nanoparticles) are correlated well (R2 = 0.998)
with the ﬂexural moduli (Ef) that were determined using
3-point bending tests as shown in Fig. 16. Thus, it is recom-
mended to use the dynamic nondestructive tests to determine
the Young’s moduli of FRP composites instead of the destruc-
tive static techniques.
3.2.3. Effect of stacking sequences
Fig. 17 shows the storage moduli of the nano-hybrid QI-
laminates with both [0/±45/90]s and [90/±45/0]s stacking
sequences and their improvement percentages compared to
the control laminate. Hybridization of quasi-isotropic lami-
nates with Al2O3 results in increasing their stiffness (storage
moduli) respectively by 1.6% and 12.3% for [0/±45/90]s and
[90/±45/0]s stacking sequences compared to the control lami-
nates, as shown in Fig. 17. On the other hand, the results in
this ﬁgure show that the stiffness of the QI-GFR/SiC/E lami-
nates with [0/±45/90]s and [90/±45/0]s stacking sequences
were decreased by 22.3% and 8.3% respectively compared to
the control laminates. The behavior of the nondestructive eval-rve of [0/±45/90]s QI-laminates.
Fig. 16 Correlation between ﬂexural moduli and storage moduli
of the investigated materials.
Fig. 17 Storage moduli of nano-hybrid QI-laminates with
different stacking sequences and improvement percentages com-
pared to control laminate.
Fig. 18 Natural frequencies of nano-hybrid QI-laminates with
different stacking sequences and gain/loss percentages compared
to control laminate.
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with that determined via distractive ﬂexural tests in Fig. 12.
For the same matrix type and nanoparticles loading
percentage, the stiffness variation of QI-GFR/Al2O3/E and
QI-GFR/SiC/E laminates was due to the cross-linking degree
that played a key role in the static as well as dynamic proper-
ties of the developed materials.
Fig. 18 shows the natural frequencies of the nano-hybrid
QI-laminates with both [0/±45/90]s and [90/±45/0]s stacking
sequences and their loss/gain percentages compared to the
control laminate. The results in this ﬁgure showed that the
hybridization of composite laminates with both SiC and
Al2O3 nanoparticles increase their natural frequencies
respectively by 11.8% and 8.2% for [0/±45/90]s stacking
sequences and by 15.3% and 10.8% for [90/±45/0]s
stacking sequence. Increasing the natural frequencies of the
hybridized composite laminates with [90/±45/0]s stacking
sequence was clearly observed by increasing the number of
cycles per second of free vibration decay curve of QI-GFR/SiC/E compared to the control laminate as shown in
Fig. 19a and b respectively.
Increasing the natural frequency with increasing the speci-
men stiffness as indicated by Eq. (4) cannot be generalized when
comparing composite materials with different constituents. The
results in Fig. 17 show that although the QI-GFR/SiC/E
laminates with [0/±45/90]s and [90/±45/0]s stacking sequences
have the lowest stiffness compared to the control laminates
(QI-GFR/E) and QI-GFR/Al2O3/E composite laminates, the
former laminates have the highest natural frequencies compared
to the latter laminates as shown in Fig. 18. Similar observation
was reported by Khan et al.36 for CFRE composites hybridized
with MWCNTs. Also, Tsai and Chang37 reported that the ﬂex-
ural moduli of nanophased epoxy with 10 wt% Silica and 10 wt
% CTBN, 10 wt% CSR, and 10 wt% CTBN were respectively
2.731, 2.474, 2.385 GPa (decreasing order) and the correspond-
ing natural frequencies were increased by 24., 24.6, 24.65 Hz
(increasing order).
The storage moduli, Fig. 17, and natural frequencies,
Fig. 18, of QI-laminates with the same constituent materials
and [90/±45/0]s stacking sequence were signiﬁcantly lower
than those of [0/±45/90]s stacking sequence. This result was
due to the lower stiffness surfaces layers with 90 ﬁber orienta-
tion of the former stacking sequence, compared to the higher
stiffness of 0 surfaces layers of the latter one. On the other
hand, when the 0 degree layers are in the specimen center as
exists in [90/±45/0]s stacking sequence the damping ratios of
QI-GFR/E, QI-GFR/SiC/E and QI-GFR/Al2O3/E laminates
were increased by 111.4%, 29.7% and 32.9% respectively
compared to [0/±45/90]s stacking sequence as shown in
Fig. 20. This result was attributed to the lower stiffness (stor-
age moduli) of QI-laminates with [90/±45/0]s stacking
sequence, which leads to higher deﬂection (strain) compared
to the [0/±45/90]s stacking sequence at the same impulse load
level. The higher deﬂection of QI-laminates with [90/±45/0]s
stacking sequence will maximize the dissipated interfacial fric-
tion energy owing to the stick-slip motions among the
nanoparticles, epoxy matrix, glass ﬁbers, nanoparticles them-
selves and the adjacent layers with different orientations
Fig. 20 Damping ratios of nano-hybrid QI-laminates with
different stacking sequences and improvement percentages com-
pared to control laminate.
Fig. 19 Free vibration response curves of [90/±45/0]s QI-laminates.
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of [0/±45/90]s stacking sequence.
Hybridization of quasi-isotropic laminates with SiC and
Al2O3 nanoparticles results in improving their damping ratios
respectively by 105.7% and 62.3% for [0/±45/90]s stacking
sequence and by 26.1% and 2.0% for [90/±45/0]s stacking
sequence as shown in Fig. 20. The improvement of the
damping ratio of the hybrid quasi-isotropic laminates with
both [0/±45/90]s and [90/±45/0]s stacking sequences was
due to the dissipated interfacial friction energy as a result of
the stick-slip motions among the constituent materials, which
have different strains within the layer and the various strains
of the adjacent layers within the laminate.
The higher improvements of the damping ratios of QI-
GFR/SiC/E laminates compared to QI-GFR/Al2O3/E lami-
nates with both [0/±45/90]s and [90/±45/0]s stacking
sequences were due to decreasing the stiffness (storage moduli)
of former laminates by 22.3% and 8.3% respectively. The
increased stiffness of the QI-GFR/Al2O3/E laminates by
1.6% and 12.3% respectively for [0/±45/90]s and [90/
±45/0]s stacking sequences reduces the interlaminar sheardeformation and hence the damping during bending vibration
tests. Improving the ductility of the QI-GFR/SiC/E laminates
leads to maximizing the interlaminar shear strains between the
adjacent layers with different orientations at the same impulse
load level. Therefore, the energy dissipative owing to the inter-
facial friction between the adjacent layers of QI-GFR/SiC/E
laminates was higher than other laminates and accordingly,
their damping ratios have the highest improvement percentage,
as shown in Fig. 20. The higher improvements in the damping
ratio of QI-GFR/SiC/E composite laminate were clearly
observed in the free vibration decay curves that is more
pronounced for QI-GFR/SiC/E laminate with [90/±45/0]s
stacking sequence, Fig. 19(a), compared to the control lami-
nates, Fig. 19(b).
4. ConclusionsIn the present work, nanoparticles infusion effects on the
mechanical and dynamic properties of epoxy and GFRE lam-
inates have been investigated experimentally and the following
conclusions were drawn.
(1) The ﬂexural strengths of SiC/E and Al2O3/E nanocom-
posites were respectively improved by 28.6% and
26.4% while, the moduli were improved respectively
by 4.7% and 12.0% compared to neat epoxy. The damp-
ing ratio of SiC/E nanophased-matrix was improved by
7.2% compared to neat epoxy and by 5.0% compared to
Al2O3/E nanophased-matrix, which has the highest stiff-
ness (storage modulus) and natural frequency.
(2) The off-axis ﬂexural strengths of both UD-GFR/SiC/E
and UD-GFR/Al2O3/E laminates were signiﬁcantly
improved compared with the control laminates. This
result demonstrates the improvement in the interfacial
bonding between nanophased-matrices and glass ﬁber,
where the failures in these laminates are matrix
dominated.
(3) The ductility of QI-GFR/SiC/E laminates maximized
the interlaminar shear stress between the adjacent
layers with different orientations/strains. Therefore,
the integrity of the ﬂexural specimens was reduced
and hence, the ﬂexural strengths of [0/±45/90]s
and [90/±45/0]s stacking sequences reduced by
532 U.A. Khashaba24.3% and 9.1% respectively compared to control
laminate and by 31.4% and 11.5% compared to
QI-GFR/Al2O3/E laminate. In contrast, the higher
interlaminar shear stress between the adjacent layers
of QI-GFR/SiC/E laminates increases the energy dis-
sipated in the interfacial friction and accordingly,
improving the damping ratios of [0/±45/90]s and
[90/±45/0]s stacking sequences by 105.7% and
26.1% respectively compared to control laminate
and by 26.7% and 23.6% compared to QI-GFR/
Al2O3/E composite laminate.
(4) The storage moduli of the fabricated panels (with and
without nanoparticles) are correlated well (R2 = 0.998)
with that determined using destructive ﬂexural static
tests. Thus, it is recommended to use the dynamic
nondestructive tests to determine the Young’s moduli
of FRP composites instead of the destructive static
techniques.
(5) Although the OI-GFR/SiC/E laminates with [0/±45/90]s
and [90/±45/0]s stacking sequences had the lowest stiff-
ness compared to the control laminates (QI-GFR/E) and
QI-GFR/Al2O3/E laminates, their natural frequencies
were higher than those of the latter laminates. Therefore,
increasing the natural frequency with increasing the spec-
imen stiffness cannot be generalized when comparing
composite materials with different constituents.
(6) The storage moduli and natural frequencies of QI-
laminates with [90/±45/0]s stacking sequence were sig-
niﬁcantly lower than those of [0/±45/90]s stacking
sequence. This result was attributed to the lower stiffness
of 90 surfaces’ layers of the former stacking sequence,
compared to the higher stiffness of 0 surfaces’ layers
of the latter one. On the other hand, when the 0 degree
layers were in the specimen center as existed in [90/
±45/0]s stacking sequence the damping ratio of
QI-GFR/E, QI-GFR/SiC/E and QI-GFR/Al2O3/E
laminates were increased by 111.4%, 29.7% and
32.9% respectively compared to [0/±45/90]s stacking
sequence.
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